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1. INTRODUCTION AND SUMMARYU
A damage tolerance analysis (DTA) conducted bv Cessna Aircraft Company for the Air Force

revealed fatigue-critical locations on the T-37 aircraft. From this analysis, the Air Force deter-

mined that the fatigue-critical region of the wing front spar lower cap lug (Figure 1- 1) is the driver

tor determining minimum inspection intervals for this aircraft. In order to avoid multiple iimp_-

tions of the T-37 fleet before the Service Life Extension Program (SLEP) provides modifications

to this part. an improved defect detection capability was desired.I
The purpose of this project was to develop a nondestructive inspection (NDI) technique and3 procedure for the fatigue-critical location on the lower cap lug fillet, and to develop and conduct

ain inspection reliability program to quantify the inspection capability. The inspection capability

goal was to demonstrate a probability of detection (POD) of 90 percent with a 95 percent confi-

dence level for 0.050-inch radius fatigue cracks in the critical region of the lug. All of these goals

were met ot exceeded in the program.I
It was determined that the most appropriate examination for field use was eddy current testing

(ET). In order to provide a uniform surface for ET, the Air Force arranged in a separate project

to develop a machining device to produce a uniform bevel in the critical region, to replace the

hand-worked radius in production aircraft. The uniform geometry also allowed development of a

hand-operated mechanical probe manipulator to ensure uniform inspection results. A simplified

drawing of the modified geometry and the critical cracks and their locations is shown in Figure 1-2.3 Two critical crack types were defined, as shown in the figure: a surface crack, in which the flaw

surface lies entirely within the bevel face; and a corner crack, in which half of the flaw surface is3 on the bevel and half is on the vertical side of the lug. This geometry was used for development

of the NDI technique and for specimens manufactured by SwRI for the reliability study.

I After development of the inspection device and procedure, personnel from Lear Siegler, Inc. (LSI)

and the Air Force were trained in the inspection procedure. At that time, aircraft inspections3 were started at Randolph AFB and McClellan AFB.

3 Fr determining POD, test specimens with fatigue cracks were produced. Four inspectors (two

tnwm LS[. one from McClellan AFB, and one from SwRI) inspected the fatigue crack s't.,2,.nens

t S% RI to prk,,,0'- Pf(- D database. These tests showed that the initi:l .oal of 90 percent POD

,t 0.0()50-inch cracks with a 95 percent confidence level was surpassed. and thit smaller flaws were

consistently detected.

I
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The remainder o1 this report presents a discussion ui ihic ET technique development (Section 2)}.

I test r~ccimn preparation (Section 3). and inspection reliability test analysis (Section 4. iThw:

FeSU~t> are summarized in Section 5. The Appendix contains the procedure developed fbr Iic'd3 n .tos it also describes the inspection device and snows vclreutofh nFch,:

EDNI notches and fatigue cracks.
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-. *l'. NI"*Il I PAt;LPMENTU
Three type, of d,,\ cutrart probe, ,e r_,tcd 1Icr this ipplication: absolute, unshielded ditfeen-

tial. and shieded d ifftcr:-nitl cnils. The probes crc tested on a specimen with EDM notchcs of

0.0 -, 0).0)40)-, a d 51. -inch radii on thebe l surtac and At the bevel-radius ede at the locations

shown in Ficure --. I, itial tsts v,, re oaducted L, mountine the eddy current coil in a holder for

I manual scanning.

3 An impedance )lane displty edd, current instrument (Stavev Instruments NDT- 1i) was procured

for technique dvelopment. It wa> chosen because I ) previous tests by SvRI had showkn that thiS3 instrument has sensitivity ejuail to or better than several other competing instruments. (2) it has

two-trequency capabiityit. and -) it has a composite video output that can be used is in put to a

V CR tor documentin, inspections.

Initial tests revealed that ill EDM notches could he detected with all of the probe types evaluated,3 but that edge effects resulting from scans near the bevel edge could be minimized tb usine the

shielded ditterential profe. These tests also showed that the optimum frequency range tor opera-3 tion with this probe ',was 3i )-4W) kHz. Therefore. this frequency range and prol-e type were chosen

for further developrnent.

I It was also determined early in the project that a manual, unmechanized procedure would not
provide the desired tilaw detection reliability. Therefore, it was decided to develop an inspection

device thait would include; a manu;lly opera ted probe manipulator to ensure that the probe would

tollowA the bevel approximately p'arllel to the bevel edges. This probe manipulator assembly is3 Thown in Figures 3 and 4 in the Appendix.

The manipulator body is inserted btween the arms of the lug and is secured in place hv keying on

the bolt holes in the lsu,s, The probe is sprlni-loaded at a constant angle wkith respect to the

inspection surface to provide a unitorm bh;ickcround sinal. In order to follov the bevel surface, the

probe is rot:ate-d ai-, at the .I\is ()t the proe manipulator, and a cam sleeve on the manipulator

provides .trtical mai,,a to tollow thc vertical contour of the lug. The radial position of the probe3 is adjustable t pr I ) sries , c,ns it different heights along the bevel surface. The proK

tip is ctatd siirh c-crm ,sl' t. r~raih a pcrnmanent weair surface,. aivoicing the need for tapc

I
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An inspection is conducted by ti-st mounting the probe manipulator on the calibration specimen,

performing calibration, then mounting the probe manipulator on the aircraft wing and performing

the inspection and recording the results. This inspection procedure is detailed in the Appendix.

UAfter development ot the inspection device and the procedure, personnel from LSI ( Randolph

AFB) and the Air Force ( McClellan AFB) were trained in the inspection procedure. One inspec-

tion kit , as delivered to the Air Force, and, under a separate contract, two other identical kits

were delivered to LSI.I
Durina initial inspections after the training, three problems occurred in the field. One %as that thc
probe manipulator body would not fit between the fingers of the lug on some air,-ratt: it w.;t-

determined that the lucs had been bent and were out of tolerance of the aircraft dri,,wing-,. h1e

Siution w as to machine the sides of the probe manipulator body to a llow insertion..\ ,ccoid

problcm was the presence of a response to probe motion when the direction of rotation (,t the

probe manipulator wits reversed. This response made it difficult for inspectors to accuraitcl,3 determine the liftoff response of the probe. The solution was to reduce the tension of the sprinu

holding the probe against the surface. A third problem was that the direction of probe liftotf3 variation response in the impedance plane was not consistent among the different probes. This

condition was caused by the fact that liftoff response is not consistent among differential prches.

because the liftoff response is an artifact of the imprecise matching of the two coils in the probe.

The procedure had to be modified to allow use of all probes manufactured for the inspection.

After these changes were made, the inspections continued without known problems.I
I
I
3
I
I
I
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3. TEST SPECIMEN PREPARATION

3.1 introduction

U The purpose of this task was to produce fatigue cracks in test specimens that simulate the

reworked fatigue-critical area in the T-37 wing front spar lower cap lug. These specimens were3 used in the reliahility tests to determine the POD. The specimens were fabricated from 7075-

T-35 11 aluminum extruded bar, the same type of material as used in the wing spar. The speci-3 mens were subjected to cycLic loading to produce either surface cracks on the lug bevel surface, or

corner cracks located at the intersection of the bevel with the lug radius (the curved part of the

vertical surface of the lug), as shown in Figure 1-2. Dummy specimens without cracks were also

Li ricated Table 3-I lists the crack s'zes -ind numbers of specimens required and produced.

3 Specimen Geometry

3 Each specimen has two surfaces, each of which represents half of the aircraft A ing spar lug.

Thus. two specimens are mated to form two inspection surfaces for the reliability tests. This

Leometr. was chosen to reduce machining costs and to provide a means for precracking two halves
simutaneously. Also, in order to minimize manufacturing costs, the specimens were manufactured

, wch tL:t horizontal surfaces (where the orientation referred to is that of the lug in the aircratt) on

the top and bottom. This geometrt differs o n Iv sli gzhtlv from that of the critical area of the aircraft

luz, in which the spar upper surface rises to form the lug, as can he seen in Figure 1-1. This

I eometrv also allowed the bevel to be formed as a countersink in the lug surface. The geometrv

at different construction stages will be discussed in followiniz sections.

Baic Fabrication Procedure

I The basic test procedure included the following:

3 I Precrackint was performed with a I 0-kip maximum capacity NITS, closed-loop, electro-

hydraulic testing system. The specimens were fatigued in bending under constant3 .implitude cyclic loading at a stress ratio (R) of ().I. One end of the specimen was

Ltiched to a very stiff tixture and the othcr ;is caintilevered and loaded near the end.3 I hic ma ximr1 M i01 trcss yielded .in init. I r.ck tip stress intensitv (K) of apiproxiimaltely

I
II



I0 ksiv in. The overat, test setup and the use of an inspection mirror for monitoring3 iae crack growth are shown in Figurt- 3-1.

(2) Crack starter flaws were introduced at the desired locations bv electron discharue

machining (EDM). The EDM cutting tool was prepared to produce a thin trianLar
(90 anze) shaped flaw 0.02 ;nch deep with a surface length of 0.04 inch.

Table 3-1

3 TEST MATRIX FOR T-37 LUG SPECIMENS

.Nominal Crack Number Number
Size a)W t inch) Required Produced

3 Surface-Cracked Specimens

00{3 6} ()

0.04 73. 05 15 2(0
0.06 2 5

3 Corner-Cracked Specimens

0.03 6 8
0.04 7 9
0.05 15 15
0.06 2

3 Dummy Specimens (No Flaws)

NA 20 20

*The nominal crack size (a) is 1/2 the total surface length.

1 13} The surface crack specimens (Configuration 1) were machined as shown in Figure -2

and included a subdepth (0.11 inch) countersink. After precracking. the countersink

depth was increased to the required dimension (0.15 inch). This operation removed

the EDM pretlaw but retained a portion of the precrick (see Figure 3-3.,).I
(4) 1 he corner crack specimens (Configuration 2) were machined as shown in Figure 3-4

and included ai subsize radius (0 277 inch) and full depth coLitersink. F(,Ilowin,

precracking, the :;pecimens were machincd to the required radius (0.3 17 inch) and then
recountcrsunk to the final depth. This procedure is illustrated in figure 3-.,-.

17



.4 Experiments to Determine Crack Shapes and Final Sizes

It is evident from Figure 3-3 that an a nYun knowledge of the cr-.tck Lurowth behavi,,r would

I!e necessarY in order to accurately predict the finil crack shapes and sizes remaining after the final

I machining operations. Therefore, an experimental task was initi cd and included the testing of

tour ,pecimens from each configuration (Figures 3-2 and 3-4

The first two surface-tlawed specimens. I.D. numbers IA and 113. were prepared with EDNI3 ,rak stairter slots at or near the center of the countersunk surface. Following precrackinu, the

-,peclmenswere weakened by saw cuts and broken to reveal the tractured surfaces. Photographs

t *o, r rresul i,_, crack shapes are shown in Figure 3-5. In both cases, the cracks grew more rapidly
- :he direction ot the radius, that is, toward the location having the highest stress. FatiLue "ran,,e

ark, ,,cre introduced on the fracture surface of specimen number I B by periodically increasing

the stress rAtio. This effort highlighted the accelerated growth of the crack as it entered the

::Udiued ,ection. ,hovn in Figure 3-5b. The grossly oversized crack produced in this experiment

prokided insight into a technique that was particularly useful for the estimation of crack sizes in

co)rner-flaiwed specimens. This technique will he discussed later.

The first two corner-flawed specimens, I.D. numbers 2A and 2B, were prepared with EDM

,,lots. The centerline of the slot was located approximately 0.05 inch (specimen 2A) and 0.03 inch

Sspecimen 2B) from the intersection of the radius and countersink. Pictures of the post-precrack

1ractures from these experiments are shown in Figure 3-6.I
The remaining four specimens, two of each configuration, were also prepared with EDM3 lots. The slot location for corner flaws was similar to the previous experiments: however, for the

,urtace flawks, the slot was located more toward the unradiused (free) edge of the countersink. This

' kas done in order to compensate for the faster growth rates witnessed in the direction of the

radius. The specimens were precracked to produce a short and long crack for each configuration.

Note: The shortest anticipated crack half-length (a) at this stage of the program was 0.05-inch.3Following precracking, the specimens were machined to the required final dimensions and were

inspected with FT. The cracks were easily detected, therefore, the final test matrix (Table 3- 13 included crack half-leneths of 0.03 and 0.04 inch.

The experimental test results provided a means for estimating crack sizes following the finalSrnachinin,, _,p.r,tions Ihe technique treats the side of the countersink as though it were the

ihinmctrr oA a circle. For cracks within the countersink (surface flaws), the center of the circle is

!8



I
simply half the distance between the measured ends of the crack. A compass is used to draw a3 semicircle, representing the precracked fracture, and the final crack length is determined. The

procedure is illustrated for short and long cracks in Figure 3-7. Note that both the aspect ratio

(crack depth/length) and accuracy of the prediction would tend to decrease with decreasing crack

size.

3 As shown in Figure 3-8, a slightly more complicated procedure is used for cracks that enter

the radius (corner cracks). The center of the circle is determined by adjusting a compass so tht3 the perimeter of the semicircle passes through both visual measurements. It is interestine to nt,

that the crack grows in a semicircular fashion even though there is no material between the nitldi3 radius and extension of the countersink.

Although the anticipated crack shape is circular, this method of crack tahricatIn f,:

cracks with depths less than half of the surface length, as shown in Fiure, -7 .t-ind ]',*i :,-.-

is caused by the fact that for both flaw types, the center of the semicircle lieN outside ot th:,3 surface. In order to provide a conser-ative estimate for the reliabilit\ study, the crack Ni7e ' IN

considered to be one half of the estimated crack length rather than the estimated crack radiu'.

3.5 Specimen Preparation for Eddy Current Inspection

I A careful study of the eight experimental test results provided a guide (see Table 3-2) for

the ortimum EDM slot location and precrack lengths that would produce the final crack sizes listed3 in Table 3-1. Each specimen contained one crack; however, for a given crack size, the cracks were

equally distributed on the right- and left-hand sides of the specimens. Precracking and other

I pertinent information for each specimen was recorded on diagrams identical to those in Figures 3-7

and 3-8. The precracked specimens were machined to remove the EDM slot and were then fatigue

loaded (approximately 50 cycles) to reopen the cracks because the machining operations tend to

lap metal over the cacks. The specimens were then machined to the final configuration shown in

Figure 3-9. This design included holes for pinning two selected specimens together to form one

clevis. The locations of the transducer mounting holes simulate the actual T-37 clevis and allow for

the inspection on either side of the test specimen.I
The total number of specimens produced (including the uncracked dummy coupons) was 95:

therefore. using this number as a seed, a random number (1 through 95) was generated to repre-

sent each specimen. This I.D. number was stamped on the thickest end of each specimen, the

vewing orientation tor determining the right- and left-hand side is illustrated in Figure 3-10.

I
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Fables were prepared listing the I.D. number, basic code, nominal crack size code, and the esti-

I mated crack length. The code system included the following:

Crack Nominal
Basic Code Meaniung Size Code Size (inch)

S Surface Crack 1 0.03
C Corner Crack 2 0.04
L Crack on Left 3 0.05
R Crack on Right 4 0.06

Example: An SR2 code would indicate a 0.04-inch surface crack located on the right-hand side

of the specimen.I
The tables were treated as "secret" and were provided to the inspection monitor only.

I Table 3-2

3 EDM LOCATIONS AND PRECRACK LENGTHS

3 Surface-Cracked Specimens

EDM Centerline
Nominal Crack Distance from Total Precrack Estimated
Size (a)* (inch) Free Edge (inch) Length (inch) Depth (inch)

0.03 0.070 0.080 0.013
0.04 0.065 0.100 0.021
3.,35 0.060 0.118 0.029
0.06 0.050 0.130 0.038

3 Corner-Cracked Specimens

EDM Centerline Precrack Length
Nominal Crack Distance from (inch) Estimated
Size (a)* (inch) Free Edge (inch) Radius Countersink Depth (inch)

0.030 0.025 0.038 0.068 0.016
0.040 0.025 0.045 0.075 0.024
0.050 0.035 0.055 0.085 0.031
0.060 0.035 0.065 0.095 0.038

*The nominal crack size (a) is 1/2 the total surface length (see Figures 3-7 and 3-s).

I
I
I 1
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I (a) Overall test setup

I

I (b .iwn7 rc it npcinmro

I Figure 3-1. Test setup for precracking specimens
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I ~ ~CRACKED AREA ,./

I
REMAINING

FiNAL
COUNTERSINK ,

EDM
FPREFLAW

RADIUS ORIGINAL
COUNTERSINK

a) SURFACE CRACK

I
I

CRACKED AREA ,N
REMAINING , COUNTERSINK

I ORIGINAL
FINAL J COUNTERSINK

RADIUS

SUB EDM

RADIUS PREFLAW

I b) CORNER CRACK

I
Figure 3-3. Illustrations showing methodology for obtaining surfice and corner cracks3 in test specimens
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4. STATISTICAL ANALYSIS OF FLAW INSPECI ION DATA

4.1 Sample Size Drtern3;a:ion

I The number of tlax ed and unfia\ ed spec nens needed in this study was determined using

the concept of binomial statistics. The flaw detection process used in the reliability testing required

only a "yes" or "no" result; i.e., a crack was detected or it was not detected. The sann'ple size

selected was consistent vith the reliability and confidence level stated in the project Statement of5 Work: a sample size of 2() flawed specimens was needed to maintain 95-percent confidence with

'IM-percent POD (I). The ,ame number of unflawed specim-ns was needk.d to e-,timate the

reliability of the detection technique with no flaws present. Sectio" 4.2 details the specific number

of flawed, unflawed specimens.

4 2 ln,,pection Summ-V

3 Four inspectors were assiimed the task of inspecting the same set of flawed and unflawed

specimens. The set consisted of 69 specimen surfaces with no flaws, 34 specimen surfaces kith3 corner cracks, and 31 specimen surfaces with surface cracks These were combined to form 67

simulated lugs, each with two inspection surfaces for the purposes of this analysis. Each "lug" could

contain zero, one, or two flaws. Table 4-1 summarizes the flaws and approximate crack sizes, by

categor', used in this study. The flaw size referred to in this table and used in the statistical

analysis is that estimated from the procedures described in the previous section. For surface cracks,3 the estimated size is one-half of the estimated surfi.ce length- for corner cracks, the size is the

length of the crack on the countersink (bevel) surface. As previously discussed, the crack depth was3 smaller than would be expected if the crack shape was formed by a true radius equal to half the

flaw surface length.

I All four inspectors correctly identified 63 of the 65 specimen surfaces which contained flaws.

All flaws in the 0.06- to 0.04-inch range were found by every inspector. The two flaws that were

not detected hy the four inspectors were in the lower flaw size range. Their estimated sizes were

l.,c)2 and 0.0315 inch, but they were later found to he much smaller (Section 4.5). Additionally.3three of the four inspectors accurately identified all 69 unflawed specimen surfaces ;as having no

flaws,. lowever, one inspector did conclude that a flaw existed on two unflawed specimen surfaces.

SA summar of the in,,pection results is outlined in Table 4-2.
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Table 4-1

POD STUDY SPECiMEN DATA SUMMARY

Estimated3 Type of Specimen Flaw Size, a (inch)* Number of Locations

Unflawed 69
Corner crack 0.03 5
Corner crack 0.04 9
Corner crack 0.05 t5
Corner crack 0.06 5
Surface crack 0.03 5

Surface crack 0.04 7
Surface crack 0.05 15
Surface crack 0.06 4

Table 4-2

I INSPECTION ERRORS BY INSPECTOR

Estimated
Flaw Size, a

Inspector Flaw Type Specimen No. (inch)* Results

A Surface 32L 0.0290 Missed
A Surface 69R 0.0315 Missed
B Surface 32L 0.0290 Missed
B Surface 69R 0.0315 Missed
B Unflawed 14L -- Detected
B Unflawed 93L Detected
C Surface 32L 0.0290 Missed
C Surface 69R 0.0315 Missed
D Surface 32L 0.0290 Missed
D Surface 69R 0.0315 Missed

*The flaw sizes are the estimated half-lengths, a, as shown in Figures 3-7 and 3-8.

4.3 Reliability of Detecting 0.050-Inch Flaws

Since all four inspectors were able to detect all 30 of the 0.050-inch range flaws accuratel.

the POD of 90 percent of the 0.050-inch fatigue cracks at a 95-percent confidence level was

exceeded. Thus, the inspection capability exceeds the reliability requirements in the 0.050-inch

crack range.

I
I



4 4 Probability of Detection Curves

N Additional analysis of the inspection data yielded POD curves which represent the probability

of detecting a flaw at t given flaw size, a. The primary purpose of this analysis was to extend the

POD determination to smaller flaw sizes than the target size of 0.050 inch. Inspection processes

that result in only a "yes" or "no" output can be depicted by POD curves using a binomial grouping3 method or a maximum likelihood method.

4 4.1 Binomial Grouping Analysis

The binomial grouping analysis used to generate POD curves utilizes the concept of
moving averages (2). This is achieved iv collecting a large number of cracks with varving sizes,

gouping them into clusters whose size is comparable to the detection capability of the inspection

process. recording the resultant inspection outcome at each flaw, and plotting the probability of

detection for each cluster versus the median flaw size in the cluster. This method is appropriate3 it a !arge number of flaws are available covering a wide range of crack sizes.

Since the data in this study resulted in only two flaws that were not detected, the
binomial grouping analysis was not appropriate to use in calculating a POD curve. This method3 emp o.s regression techniques to model the POD function as it is related to flaw size. Only five

of the 37 clusters calculated in this data set had POD values that were not 100 percent. Therefore,

regression techniques could not appropriately model the POD curve with so few data points other3 than 10) percent.

3 4.4.2 Maximum Likelihood ,nalvsis

The maximum likelihood analysis method is more commonly usd than the binomial

'rouping method because it does not require a clustering of the data. It is based on the log-logistic
function of the POD curvc. This function is

P O D u( I ) + p o+ . (71

The primeters Dr and .3 can he estimated by the mchod of maximum Ukeiihood (3). The crack

ilc l dcsicnted by a. This method uses the "yes" and "no" information from the detection proccss

,ind c:,timatcs the parameters ) and 3 so that they, maximize the probability for obtaining theS~ oherved dita bv so lin: the following simultaneous equations
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= n t - 1e+ ,n(a, (1)

+ e=1 i=1

0 = Ni in(ai) (2)

These equations allow results from several inspections of the flawed specimens to be

I used in the calculation of the POD curve. Pi equals the proportion of times the ith crack was

detected by the four inspectors. For example, if the first crack were found by all four inspecto,-s.3 then pi would be 1.0. If the first crack were detected by three of the four inspectors, then p would

be 0.75. Ni represents the number of times the ith crack was inspected; ai, the crack radius; and

* N, the total number of cracks inspected.

The inspection data gathered in this study were processed by using the maximum

likelihood technique, and the resulting POD curve is illustrated in Figure 4-1. Using log-logistic

modeling, the probability of detection for a 0.050-inch crack is 97.9 percent.U
There are some underlying problems associated with probability of detection modeling

techniques in analyzing the data collected in this study. First, maximum likelihood estirates are

commonly used when inspection results are gathered in the form of yes/no type data. If multiple3 inspections of each flaw are collected, the number of inspections has a significant impact on the

POD modeling and the resultant confidence bounds on the POD curve. It has been suggested that

at least ten inspections per crack be collected in a multiple inspection study (4). This criterion will3 allow better estimates of the probability of detection of an individual crack size. With fewer

inspections, as in this study, there is a greater probability that the estimates will only be 1 or 0; i.e.,3 either each inspection results in a detection or each inspection results in a missed crack. This

problem is primarily a result of the success of the inspection. The study was originally designed to

3 ensure a 95-percent confidence level for 0.050-inch flaws.

Since the data analyzed for this detection study had only four inspections per flaw, the

POD model illustrated in Figure 4-I is not very stable. It has a poor statistical fit since the data

do not fit a log-logistic model with high accuracy. Additionally, the model is being influenced

I gr eatly by the two flaws that were missed by all four inspectors. These two flaws, coupled with the

small number of inspections, lead to lower confidence bound estimates that are extremely wide.

I
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This strengthens the fact that the POD model used to extend the analysis to smaller flaw sizes is

unstable and, therefore, should he viewed with caution.

In order to evaluate how the lower confidence bounds are affected by the two "missed"3 flaws at the lower end of the crack size scale, a model was determined from the data without these

two flaws. This step is justified because these missed flaws were much shorter and shalower than3 estimated (see Section 4.5). Fizure 4-2 illustrates a 95-percent lower confideiice bound on the

probability of detection cur-ve. There are two important points to- note in this model. First, the

POD curve is close to 1.0 for all crack sizes; however, -.xtrapolation of POD estimates for cracks

less than 0.028 is not recommended since Jata were not taken in that range. Second. caution

should be used in the interpretatic.. of the confidence bounds since the sample sizes of the flaws

in the 0.030- to 0.045-i,'! range are small. The 95-percent lower confidence hound at the 0.050-

inch crack is 92 percent.

4.5 Comparison of Estimated Crack Length and Actual Crack Leng)th

The fabrication of the flawed specimens resulted in an "estimate" of the crack length used

in the statistical analysis. To determine the accuracy of the crack length estimates, several flaws

were broken open and measured. The results are shown in Table 4-3. It was concluded that of the

cracks inspected by this method, all were smaller in depth than estimated (also see Table 3-2), thus.

all had depths much smaller than half of the surface length. Four of the measured corner cracks

were longer in the countersink surface than estimated, but the maximum underestimate was only3 0.004 inch, or 13 percent, whereas the depths of these cracks were less than the estimated size by

23 to 50 percent. Therefore. thc :nterfacial area of the cracks (one common estimate of eddy

current flaw amplitude response) was signifca ntly smaller than the area calculated using estimated

crack size.

U The two flaws that were missed by all inspectors could not be measured for depth. indicating

that they were extremely shallow. Considering length alone, however, they would still be only 0.017

and 0.016 inch in size. Therefore, the POD curves computed in Section 4.2.2 are conservative;

resulting POD curves from the actual crack lengths, if calculated, would be shifted to the left in3 Figures 4-1 and 4-2. Thus, the POD for a 0.050-inch crack would be greater than 97.9 percent.

I
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I Table 4-3

3 ESTIMATED VERSUS MEASURED CRACK PARAMETERS

Surface Cracks

Estimated A-tuil Maximum Difference
Crack Crack Actual Estimated/Actual

Spec. Size Half-Length Depth Half-Length
I.D. (inch) (inch) (inch) (inch)

32 0.029 0.017 * -0.012
50 0.030 0.022 0.006 -0.008
63 0.033 0.030 0.013 -0.003
69 0.032 0.016 * -0.016

72 0.033 0.025 0.007 -0.008
37 0.055 0.047 0.021 -0 008
38 0.055 0.047 0.019 -0.008
46 0.050 0.049 0.025 -0.001

3 *Broke outside of flaw when pulled to failure

3 Corner Cracks

Estimated Crack Actual Crack Difference Estimated/
Spec Length (inch) Length (inch) Actual Actual Length (inch)
I.D. Countersink Radius Countersink Radius Depth (inch)* Countersink Radius

3 18 0.028 0.026 0.022 0.022 0.013 -0.006 -0.004
S0 0.036 0.030 0.040 0.022 0.019 +0.004 -0.008
9 1 0.031 0.033 0.035 0.010 0.018 +0.004 -0.023
5 0.055 0.040 0.056 0.030 0.031 +0.001 -0.010

27 0.052 0.040 0.055 0.030 0.027 +0.003 -0.010
41 0.056 0.049 0.059 0.028 0.023 +0.003 -0.021

*Depth was measured along the bisector of the angle between the radius and countersink
surfaces.

I
I
I
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5. CONCLUSION

I The initial goal of developing and qualifying an inspection technique for the lug gcometry was net,

and the actual inspection performance goals were eyceeded; the 95-percent lower confidence bound

on the POD is greater than 92 percent for 0.050-inch size cracks and greater than 90 percent for

0.038-inch size cracks. Furthermore, these numbers are known to be conservative because the3 actual crack depths are estimated to be only 0.031 inch for 0.050-inch size cracks and 0.023 inch for

0.038-inch size cracks.

This performance in a difficult geometry was possible through (1) redesign of the lug geometry to

provide a uniform, inspectable surface, and (2) use of a mechanical manipulator device to guide the

probe. The results show that a high inspection reliability can be achieved in field inspections, if

significant effort is made in personnel selection, technique development, training, and followup

support. It is believed that this approach to inspection development can be used in other critical

regions to reduce the amount of inspections required by reducing the detectable flaw size.

I
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I T-37 FRONT WING SPAR, LOWER CAP LUG INSPECTION PROCEDURE

1 1. PURPOSE

The purpose of this inspection is to detect surface-breaking flaws in the T-37 front wing spar,
lower cap lug critical surfaces using eddy current testing (ET) methods.

3 2. SCOPE

This procedure provides the information and detailed steps necessary for inspection for
surface-breaking cracks in the lower cap lugs in the areas shown in Figure 1. The inspection
surfaces have been machined to provide for an improved inspection reliability.

3. EQUIPMENT

3.1 NORTEC NDT-19 ET instrument

3.2 Remote-control cable for the NDT-19 [Southwest Research Institute (SwRI) part No.
7958-851-56)]

3.3 T-37 lug inspection device (SwRI part No. 7958-851->00)

3.4 Probe adapter cable (SwRI part No. 7958-851-101)

3.5 Differential shielded eddy current probe (SwRI part No. 7958-300)

3.6 Panasonic video recorder AG-2400 and Sharp 570S microphone

I 3.7 Calibration fixture (SwRI part No. 7958-70317) and standard (SwRI part No. 795S-85 1)

3.8 Professional-grade VHS-T-120 video-tape cartridge (Ampex part No. 189-T-120-6a or
equivalent)

3.9 Audio headphones

3.10 Panasonic monitor (Panasonic part No. 930) and cabling

I 4. PERSONNEL

4.1 The personnel performing this inspection shall be certified Level Ill %i-sed on the
requirements of MIL-STD-410D.

4.2 Additionally, personnel performing this inspection shall have been trained in this
I procedure by a Level III certified individual experienced in this procedure.

3 5. DOCUMENTS

5.1. NDT-19 instrument operation manualU
3
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3 5.2 VCR operator manual

£ 6. CALIBRATION

5 6.1 A calibration will be performed immediately before the inspection of each lug.

0.2 A calibration check will be performed

3 (1) At any time the operation of the equipment is in question and

(2) At the end of the inspection of each lug.

1 6.3 The calibration standard has four simulated inspection surfaces (shown in Figure 2)
which are as follows:

1 (1) Surface 1, containing three flaws produced by electrodischarge machining (EDM)
in the center of the machined surface with radii of 0.030, 0.,40, and 0.050 inch.

3 (2) Surface 2, containing three EDM flaws at the inner radius of the machined surface
with radii of 0.030, 0.040, and 0.050 inch, as shown in Figure Z.

1 (3) Surface 3, containing no flaws.

(4) Surface 4, which has an irregular surface representative of improper machining.

1 7. EQUIPMENT SETUP

3 7.1 Mechanical

7.1.1 Check probe head and cam assembly for foreign material in the probe
manipulator shown in Figure 3. Dirt or other particles can be removed with
an aerosol solvent/lubricant spray such as WD-40.

7.1.2 Ensure that the screws are tight on the spring attachment and that the probe
is returned to the bottom of the slot by spring tension after being manually
retracted.

CAUTION: DEVICE DAMAGE MAY
RESULT IF THE FOLLOWING S'TEP
IS OMI TEF.

3 7.1.3 Check that the radial position knob is at zero degrees on the pointer when the
probe is pointing directly away from the probe manipulator body. If the probe
is at any other angle, check the Allen screw or radial positioning knob. It this
is firmly engaged into the shaft, then the unit must be repaired and is not
suitable for use.

CAUTION: DEVICE DAMAGE MAY
RESULT IF THE FOLLOWING STEP
IS OMIlITED.

1 3
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7.1.4 Rotate the indexing nut until the cam assembly is flush against the probe
manipulator housing. This ensures that the probe is off the surface as it is3 inserted into the lug.

7.1.5 Attach the stabilizing bar to the probe manipulatoi and uppc% attachment plate,
as shown in Figure 4. Tighten the bolts firmly with your fingers. This assembly
constitutes the inspection device.

7.1.6 Set up the calibration fixture so that the probe can be scanned over surfaces 1
and 2.

7.1.7 Place the inspection device into the calibration fixture and place the shoulder3 bolts in place, as shown in Figure 4.

7.1.8 Tighten the bolts attaching the stabilizing bar to the probe manipulator and
upper attachment plate. This step ensures that the inspection device is aligned
with the wing hole centerline.

7.1.9 Insert the shoulder bolts in the probe manipulator and upper attachment plate
and hand tighten firmly, thus completing the mechanical assembly and setup of
the inspection device.

3 7.2 Cabling (Refer to Figure 5 for the system diagram)

7.2.1 Connect the probe adaptor cable (SwRI part No. 7958-851-101) to the front of3 the ET instrument terminal marked "Probe."

7.2.2 Connect the probe (SwRI part No. 7958-300) to the adaptor cable identified in
step 7.2.1.

7.2.3 Connect the remote-control cable (SwRI part No. 7958-851-56) to the back of
the instrument at the terminal marked "I/O." Place remote null and balance

* controls on the floor within easy reach of your feet during the inspection.

7.2.4 Connect the VCR video input to the ET instrument video output using the
remote control cable (SwRI part No. 7958-851-56) attached in Step 7.2.3.

7.2.5 Connect the microphone and headphones to the VCR.

3 7.2.6 Connect the Panasonic-monitor video input to the VCR video output.

7.2.7 Turn on the VCR , ET instrument, and monitor. Insert the tape.

3 7.2.8 Zero the tape counter, and set the speed to "SP."

7.2.9 Place the VCR into the record mode.

7.2.10 Start the VCR, and count backwards from ten to one into the microphone.
Stop the VCR.

7.2.11 Rewind the tape.

I
3
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7.2.12 Press the PLAY control, and verify that the audio has been recorded by
listening on the tape or headphone. If no audio has been recorded, check the
VCR and microphone. Also, look at the monitor; if the grid pattern is not
present when the tape is replayed, then check the cable connections and VCR.

3 7.2.13 Rewind the tape.

7.3 Instrument Setup and Calibration

3 7.3.1 Allow 5 minutes for instrunent warm-up before performing any actual
inspections or calibrations.

3 7.3.2 Set frequency No. 1 at 300 KHz and frequency No. 2 to the OFF position.

7.3.3 Set the gain initially to 70 for vertical and 60 for horizontal channels.

3 7.3.4 Set the erase mode to manual.

7.3.5 Set the balance mode to continuous null.

7.3.6 Make sure the probe drive is set to HIGH.

7.3.7 Set the high-pass filter at 0 and the low-pass filter at 100.

7.3.8 Turn the sweep mode to OFF.

3 7.3.9 Balance the instrument by depressing the NULL control on instrument or foot
pedal.

3 7.3.10 Erase the screen.

7.3.11 If the dot is visible and at the center of the CRT, go to step 7.3.13. If not,
check the screen position control (POSN). Set Position Vertical and Position
Horizontal to 128. This step is necessary, since the dot can be positioned off
the screen. If no dot is visible, decrease the gain, and rebalance the
instrument. If no dot is visible, remove the probe connector, and rebalance.
If there is still no dot visible after all of these steps, substitute another
instrument, and begin at step 6.2.1.

7.3.12 If the dot is visible after removal of probe connector, substitute a replacement
adapter cable and probe and rebalance the instrument. If the dot reappears.
then try the original adapter cable; if the dot no longer appears, then the
adapter cable is defective. If upon substituting the original probe, the dot does
not appear, then the original probe is defective.

NOTE: FAILURE TO ACCOMPLISH STEPS
7.3.13, 7.3.14, AND 7.3.16 WILL RESULT IN
EXTREME SETUP ERROR. ENSURE THAT
THE GAIN IS SET PROPERLY AS PER 7.3.3.

U 73.13 Set the probe radial position to 0 degrees. Adjust the indexing nut to bring
the probe to the center of the bevel surface.

1
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7.3.14 Balance the instrument, then pull the probe back from the surface using the
spring attachment screw. Observe the direction of the dot on the screen.
Using the phase-angle adjustment, rotate the vector so that the pattern
generated by the probe liftoff is down from the center of the screen
approximately 10 degrees to the left of the vertical screen center line. This is3 the liftoff vector, as shown in Figure 6.

7.3.15 Rotate the radial position knob back and forth approximately 60 degrees on the
dial to get the signal generated by changes in the angle of the probe to the
surface. This pattern should be symmetric about the origin in the hocizontal
plane. A slight adjustment of the phase-angle control might be necessary to put
the pattern into the horizontal plane. This operation is critical, since the
majority of the noise generated during the inspection is in this direction. The
pattern is the tilt vector, as shov,,n in Figure 6.

7.3.16 Rotate the manipulator to pass the center of the probe over the three notches
in the center of the bevel at surface 1. Three characteristic eddv current figure-
eight flaw patterns will be generated, as shown in Figure 7.

3 7.3.17 Adjust the gain of the instrument until the magnitude of the vertical component
of the signal pattern from the 0.050-inch flaw is 6 ±.5 vertical screen divisions.
It is important to adjust the gain proportionally to maintain the same phase
relationships. If gain changes are required, refer to the gain table shown in
Figure 8. The values in the gain table should correspond to the nearest 0.5 dB
of the instrument settings. The instrument must be rebalanced after each
change in gain. The pattern from the 0.050-inch flaw will be at a 40- to 50-
degree angle. Shallow surface scratches or tool marks will be in the horizontal
plane.

7.3.18 Check the phase angle of the tit and liftoff signals using the method described
in steps 7.2.13 and 7.2.14. Note the phase angle of these two signals.

7.3.19 Turn on the alarm gate by depressing the ALM button, as described in the
manual in Section 4. Define a positive alarm gate so that when the dot passes
into the gate the alarm is triggered. Gate settings are shown in Figure 6. Note
that the purpose of the alarm gate is to assist in the detection of flaws.
Analysis is based on pattern characteristics.

NOTE: IF A FLAW INDICATION DOES NOT
BREAK THE ALARM GATE, IT COULD
STILL BE A FLAW. THE MAGNITUDE OF
THE VECTOR IS NOT TO BE CONSIDERED
SIGNIFICANT IN EVALUATION OF THE
FLAW SIGNAL.

7.3.20 Set the alarm gate boundaries by using the SP 01 command and the arrow and
number key pad (as described in the manual) to occupy the quadrants shown
in Figure 6.

7.3.21 Verify that the figure-eight flaw pattern generated by the dot over the
shallowest flaw in surface I triggers the alarm gate. If the alarm is not
triggered, check the instrument gain and probe position. Also compare the
observed flaw pattern to the tvpic:il calibration signal pattern shown in Figure
7.

* I1
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7.3.22 Record all instrument settings, time, and tape counter on calibration and
inspection record form NDT-9 and audibly on the VCR. Record one pis over
calibration surface 1 on the VCR along with a description of the liaws on the
audio track.

7.3.23 Rotate the indexing nut to position the lower edge of the probe at the lower
edge of the bevel at the 0-degree radial position. Record one pass over
calibration surface 2 on the VCR along with a description of the flaws on the
audio track.

7.3.24 Rotate the indexing nut until it is flush against the housin,.

7.3.25 Rotate the radial position knob to zero.

7.3.26 Remove the inspection device from the calibration ft: .. .-
calibration standard, and replace it after it has been rotaL -:
surfaces 3 and 4 are available to the probe.

7.3.27 Install the inspection device into the calibration tix rF"
I 7.1.3 through 7.1.7 and 7.1.9.

7.3.28 Scan the probe over surface 3 and the unflawed r,:
background noise from the inspection area. Record on
on the audio track.

7.3.29 Scan surface 4, which represents improperly machined :- s...
angle Df the noise from this surface as the probe tilt
the instrument is set up properly, the signals from surt.,

the screen. Record on the VCR, and identify on the
concludes the calibration of the inspection device and in,.'
of the aircraft.

I 8. INSPECTION PROCEDURE

.1 Install the inspection device on the wing to be inspected,
through 7.1.7 and 7.1.9.

8.2 Using the indexing nut, adjust the probe vertical position to
surface (top edge of the probe at the top edge of the K\vtJi
indexing nut causes 0.041 inch in vertical travel. Approxim*T:(.
required to complete all scans of the bevel.

I S.3 Set the radial position dial so that it aligns with the pointcr It

8.4 Balance the instrument.

S 5 Record the aircraft and wing number on the calibration i.: i,
tape cartridge. Start the VCR and record the start time ot
wing number, and aircraft tail number.

S0 Prepare for the scan by rotating the scanning knob ehlj.
toward the inspection surface) to the mechanical stop I
by slowly rotating clockwise to the other stop. Ohcr,

S15



I
f r cplit- i noted during cailibration Is ---incrated, then it must be considered

to i : .r dicit, . ( Refer to section . for further analysis.) If an audible alarn is

[nt ,. he cion at a slower speed, nd pay careful t on to the signal
pattern attnt I-ue-ipattern i. t re-el ht pattern is generated, r'iler to section 9. If a pattern is generated

similar :C thei sr urface 4 as noted during calibration, the surface may be too rou,='h3 !or ph , \. e\ifinlition.

NOTE: IMPROPER MACHINING CAN CAUSE SIGNIFI-
(ANT NOISE LEVELS. TOOL NIARKS. CIIAI'IER. AND
SCRATCHIES SHOULD BE BRO t'GIT TJ TIlE
A.FENTION OF TIlE Pi - ., \\ 1  P1.RFOR.I\G

it: \,.\CHI.NING FOR (1 ;ON.

COMPLLTEI.Y PT II NSPEVTLI).

I., -: r . [- I the audio ti

' ix'r'" > ..- n ,= rcedure described in sti cr A Pil, dtta to . : i i the VCR.

3 \ [ "k :;':....I.......:;ttie ti four times, obse( e t. c;:,n of the probe. tnsoct the pairt
,. 2 !-trQW .)Ver :i ,'t ' of the Bevel throughout the critical

'- I: lilS XIA't El. I T;' i I \"

R , ( OMPLETE S(.\\y . ,\
V WI ILL PROBABL5-\ H EL

-)J t- 1-:D A PARTIAL - i ' ,N I )
I 11 FL TIE REQUIREI) P . I [, I I' P

Si, . ... . ,Ice as per steps 7. 1. -

A I ., ... : , rl d'ic into calibration ti.

3 ,. I)A I \ ' , .)), I

I 1 ' t, :. . i , ,,n,4le nd sbhipte sinhii;r .. K ;., lirtIto ,i.:iut.:-ciklit tfiW\ paittcit

I~~~ F; i C ': ccaks.

t: i tno of the r(t i,,iN - . ' CA 0. i ] LicriR
P .II r I, It W I I Ii 1 1 1, 1 C I I a I
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I

Q .4 It is acceptatbe to varv the gain and indexing nut (position of the probe on the bevel) to
analyze signals from flaws that may he low in amplitude such as flaws at the inner radius.
Use the gain table and the setup procedure described in step 7.3.

9.5 Record these inspection parameter changes and data on the video tape immediately3 following the inspection and on Form NDT-10.

9.6 Record flaws on the resolution sheet, and note the approximate radial position and scan
numbers of the flaw indication. Notes may also be added concerning approximate phaseSande and magnitude.

The video tape may be used for post-inspection analysis on the monitor.

I .S Fatigue cracks generally have smaller width lobes in the figure-eight flaw pattern (see
Figzure 10) when compared to the EDM notches (see Figure 7). Final judgment as to3 whether a pattern is a crack is up to the inspector.

10 DATA SHEETS

IQ I Calibration and inspection sheet, form No. NDT-9 (see Figure 11).

i 1N.2 Resolution sheet, form No. NDT-10 (see Figure 12).

1
I
I
I
I
I

I
I
*!1
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mum NN

Figure-eight flaw pattern generated by an induced
fatigue crack approximately 0.065 inch in depth

U

I **mmg U..

I ,,, - -

Figure-eight flaw pattern generated by an induced
i fatigue crack approximately 0.045 inch in depth

Figure 10. Fatigue crack signals
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A:c'a.*No in N.RESOLUTION DATA SHEET
I A~ca~ No ___ Wig o -Left or Rigrit _________ Date: _________________

By:

ccw cw

-300 300

60'

-90 90

Li;mit of Limit of
mExaminaticn Examination

Area CO'W Area OW

Form NODT-I CI Rev 0 L388

Figure 12. Resolution sheet (Form NDT-1O)
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